We examine the possibility of intrinsic interface states bound to the plane of In-Sb chemical bonds at InAs/AlSb interfaces. Careful parameterization of the bulk materials in the frame of the extended basis spds * tight-binding model and recent progress in predictions of band offsets severely limit the span of tight-binding parameters describing this system. We find that a heavy-hole like interface state bound to the plane of In-Sb bonds exists for a large range of values of the InSb/InAs band offset.
I. INTRODUCTION
Ever since the seminal papers of I.Tamm 1 , the possible existence of intrinsic surface or interface states in semiconductors has been a hotly debated issue, but the emerging topic of topological insulators has recently renewed the interest in this field 2, 3 , in connection with predicted "quantum immunity" of edge-state currents against scattering. In the early 80s, a first type of interface state was predicted to occur in HgTe/CdTe heterostructures [4] [5] [6] , due to the boundary conditions between the inverted band structure of HgTe and the normal band structure of CdTe.
In that case, existence of interface states is primarily due to anomalous properties of one of the bulk constituents. Much more recently, the attention was drawn to the original situation of interfaces between materials sharing no common atom (NCA), like InAs/GaSb, InAs/AlSb, BeTe/ZnSe or (InGa)As-InP. In these materials, interfaces involve chemical bonds that do not exist in the host materials, for instance In-Sb or Ga-As in the first example. Such interface bonds can in principle act as a local potential well that may capture the carriers. This second type of interface state, if it exists, relies mainly on local interface properties and proper modeling requires detailed atomic-scale information that is normally missed by the standard envelope-function approximation. In the case of standard [001] growth axis, the mere presence of an interface between materials C 1 A 1 and C 2 A 2 (where A and C stand for anion and cation species) breaks not only the translational invariance but also a rotational degree of freedom, as the four-fold roto-inversion (or S 4 ) symmetry of the T d point group is no longer allowed. The atomic arrangement in the interface cell is shown in Fig. 1 and illustrates that the interface C 2 A 1 bond lies in (110) plane, while for another possible inteface configuration C 1 A 2 interface bond would lie in (110) plane.
The corresponding point group symmetry is C 2v . For a symmetric quantum well with equivalent interfaces, a S 4 symmetry operation centered on an atom in the central layer exists and transforms one interface into the other, upgrading overall symmetry to D 2d . Although these features were clearly stated in early publications on tight-binding calculations, it is only in the mid 90s that the resulting consequences in terms of polarization anisotropy of the optical properties were clearly observed and understood [7] [8] [9] [10] . In particular, methods for curing the native over-symmetry of classical envelope-function approach (EFA) have been proposed, following more or less explicitly the theory of invariants 4, 11 . These methods introduce at least one new interface parameter whose value is in general not provided within the same theory and must be fixed by comparison with experiment or more elaborate calculations, therefore their predictability is limited. From this point of view, NCA interfaces are particularly problematic, because specific interface bonds exist in a single direction, either (110) or (110), and generally undergo considerable strain. For instance, in a InAs/AlSb quantum well, the host materials are nearly lattice matched, but nominal interfaces respectively involve InSb bonds that are 6.3% too long, and AlAs bonds that are 7.3% too short. Hence, one has to cope with very large, sharply localized strain, the modeling of which requires special attention. Theoretical methods able to predict electronic properties in such situation include DFT-based calculations and empirical-parameter atomistic theories such as the atomistic empirical pseudo-potential (AEPP) or the empirical tightbinding (ETB) models. AEPP was extensively used by Magri and Zunger, in particular to study InAs/GaSb superlattices 12 . Finally, it is worth mentioning that desired or undesired atom exchange during growth can affect the composition of the interfacial layer, so that ideal NCA QWs can exist with either nominal C 2v symmetry, or with same bonding at both interfaces and D 2d symmetry, or in many intermediate, non-ideal configurations. The purpose of this paper is to re-examine the particular case of InAs-AlSb quantum wells using an advanced tight-binding scheme, integrating recent methodological progress in the treatment of strain, in order to check whether intrinsic interface states are likely to exist or not in this system. InAs/AlSb has a type II band line-up with ground electrons (holes) in the InAs (AlSb) layers, and, thanks to the very large conduction band offset, it is an important system for for opto-electronic devices based on inter-subband transitions in the mid-infrared region. It would be of utmost interest to compare the present results with DFT-based first-principle calculations. Unfortunately, these methods still encounter problems with small gap materials like InAs and InSb 13, 14 . Hybrid functionals that have been recently introduced bring considerable improvement to the gap issue 15 , but the tractable supercell size is another practical limitation to comparison with present tight-binding calculations.
II. MODEL
Since atomic positions are an input of empirical tightbinding (ETB) models, the first problem to be solved is the relaxation of atomic positions under the effect of local interface strain. A zeroth order approach consists in extrapolating classical elasticity down to the single layer of chemical bonds, or molecular layer. Obviously, in order to go beyond this crude approximation, one must use atomistic elasticity such as the Valence Force Field (VFF) model 16, 17 . For sake of simplicity, we shall consider that the heterostructure is strained as a whole to maintain epitaxial relation to a GaSb substrate, but adaptation to the case of a " free-standing" superlattice is straightforward. In the classical elasticity limit the distance between atomic planes i and i + 1 is given, for each molecular layer, by
is the lattice parameter of the pseudo-binary compound corresponding to atomic planes i and i + 1 and a s is the substrate parameter. c 12 and c 11 are the corresponding elastic constants. This result is obviously incorrect for an interface sequence like Sb=In-As since the In atom would have two highly strained "backward" bonds Sb=In, and two essentially unstrained "forward" bonds In-As.
Next we need to include these atomic positions and related strain effect in the extended-basis spds * tightbinding formalism 18 . For bulk materials, it is widely accepted 19, 20 that, in addition to changes in phase factors and power-law scaling of two center transfer integrals with interatomic distances, one should consider that the quasi-free electron orbitals d and s * feel the "geometry" of the deformed crystal, and their energies must therefore be shifted and possibly split according to the symmetry of the deformation. It was proved that this approach leads to satisfactory fit of bulk deformation potentials. Here we use a generalization of this scheme to the situation of an atom surrounded by arbitrarily chosen partners. Say we consider a cation C surrounded with 4 different anions A i , i = 1 − 4, located at arbitrary positions, and need to define a local strain acting on the cation. Nominal Anion positions {r 0i } i=1··4 are first defined, using bond lengths corresponding to CA i bulk lattice parameter and [111] bond orientations. After relaxation, this nominal, unstrained tetrahedron transforms to the actual one with atoms at positions {r i } i=1··4 . The shapes of these tetrahedrons can be characterized using three arbitrarily chosen vectors {R j } j=1··3 . We choose them as: R 1 = r 2 − r 1 , R 2 = r 4 − r 3 , and R 3 = 1/2(r 4 + r 3 − r 2 − r 1 ). It is then easy to find the matrix T connecting the nominal and strained sets: T R 0j = R j .The local strain tensor acting on on-site orbitals is defined by the polar decomposition T = (1 + )R, where R is the orthogonal matrix which rotates "nominal" tetrahedron to the strained one. One may notice that does not fully describe local atomic configuration: It is uniquely defined by the relative coordinates of four anions surrounding given cation (or vice versa) and the change of cation position does not affect local strain tensor. To account for the cation position we introduce additional internal strain vector u defined as the (scaled to unstrained interatomic distance) displacement of cation from the centre of sphere which touches surrounding anions. As a zero-order approximation, we assume that the effect of the internal strain on tight-binding Hamiltonan is the same as of the strain tensor part which transforms as vector. This gives the same result as in Ref. 19 for bulk strained semicondctors. Accurate comparison with state of the art ab initio results is necessary to go beyond this approximation.
III. RESULTS AND DISCUSSIONS
The approach outlined in previous section is similar to that introduced by C. Pryor 21 and used by R. Magri et al. for the AEPP approach 12 , or to that used by M. Zielinski for EPTB 20 . However, to the best of our knowledge, it was not validated by a crucial comparison with a wellestablished experimental result. A possible test case is an In monolayer inserted in a GaAs matrix. The experimental gap is well documented with a low temperature value of 1.434 eV from optical properties of samples containing a slightly sub-monolayer amount of In giving raise to large, monolayer thick islands 22 . Our calculations give a value of 1.414 eV when using a "natural valence band offset" of 0.23 eV, which is consistent with experimental valence band offset (VBO) value for In 0.15 Ga 0.85 As/GaAs superlattices 23 . Note that when using classical elasticity, the predicted gap value drops to 1.366 eV and including the piezoelectric potential into the calculation reduces the gap by 4 meV.
Next we come to InAs/AlSb superlattices. In Table I , we compare the atomic distances in the interface regions of a 8/8 InAs/AlSb superlattice, obtained in the "classical" and "atomistic" elasticity models. For the latter, we use the Keating parameters of Ref. 16 . It can be observed that in the VFF calculations, interface strain perturbs the atomic positions on typically one monolayer (3Å) on both sides of the "anomalous" interface bond, with an oscillatory behavior before the interplane distances stabilize to the classical elasticity value. Somewhat counterintuitively, the deformation of anomalous interface bonds along the growth axis is larger (typically 10%) in the VFF calculation, compared to classical elasticity.
In table II, we show the local strain tensor associated with the different atomic sites in a 8/8 InAs/AlSb superlattice, using the VFF atomic positions. A remarkable, perhaps counterintuitive feature is the existence of a trigonal (shear) component xy for atoms that have an asymmetrical chemical surrounding.
The bulk material parameters used in this work are listed in Table III . The calculation also requires band offset values.
The well-documented offsets for the nearly unstrained heteropairs InAs/GaSb, InAs/AlSb and GaSb/AlSb are respectively 570, 200 and 350 meV. Experimental values agree with ab initio calculations. Unfortunately, the situation for InSb/InAs is not as clear, with no direct experimental result and a strong dispersion of theoretical predictions from 400 meV 24 to 700 meV 25 . The molecular layer of InSb certainly act as a "potential well" in the valence band, but uncertainty in VBO implies that the depth of this trap is unknown, and we shall consider it as the only free parameter in the calculations. Conversely, the AlAs bonds act as a "potential barrier" whose height is also not so well documented, but the impact of this uncertainty on our results is actually negligible. When epitaxial strain is taken into account, the AlSb heavy-hole band extremum lies at 210.4 meV above the arbitrary reference level of unstrained InAs VBM. The heavy hole confinement in a regular 12.2 nm-thick (40 monolayers) QW is 6.4 meV. Hence, one reasonably expects a hole ground state at 204 meV. Fig. 2 shows the evolution of actual hole ground state energy in a 20/40 InAs/AlSb superlattice as a function of InSb band offset, for the 3 ideal situations: "C 2v " (AlAs and InSb interfaces), "D 2d " (2 AlAs) and "D 2d " (2 InSb). In C 2v case for InAs/InSb VBO larger than 600 meV, the ground state is above the AlSb VBM, hence it is clearly trapped by the InSb bond. For smaller offsets, the ground state lies between the AlSb VBM and 204 meV: the situation is better described as a regular quantum well with an attractive perturbation at one interface, that decreases the confinement energy and polarizes the wavefunction. As shown in Fig. 3a , in all cases the wavefunction is strongly asymmetrical with respect to the center of AlSb layer: As long as AlSb thickness remains finite, it is difficult to define a rigorous criterium for existence of an interface state. By exploring numerically larger layer thicknesses, we find that 500 meV is a practical threshold offset value for the existence of an interface state at a InSb interface between InAs and AlSb.
The D 2d case with two AlAs interfaces (see Figs. 2, 3b) corresponds to the regular quantum well case. The D 2d 2 InSb configuration is more interesting, because interface states may exist at both interfaces, and combine into symmetric (bonding) or antisymmetric (antibonding) states, with a splitting depending strongly on AlSb layer thickness. Due to this interaction, the ground state energy remains nearly constant when decreasing the AlSb thickness. This result is illustrated in Fig. 4 . A similar trend is also valid for interface state coupling through the InAs layer, but to a much smaller extent due to the fast decay of interface state into InAs.
So far, we have discussed interface potential in terms of a "diagonal" or scalar contribution. However, as mentioned in the introduction, interface also break a rotational invariance and corresponding Hamiltonian admixes heavy and light holes, which results in the linear polarization of optical spectra when system has C 2v symmetry 7, 9 . Here, valence states are confined in the AlSb layer, and peak close to the InSb bonds. They undergo the strong spin-orbit coupling of Sb, and for this reason a weak polarization anisotropy is expected. This anisotropy is confirmed by the calculations: For the 20/40InAs/AlSb superlattice, we obtain a degree of linear polarization (with principal axis along the [1,1,0] and [-1,1,0] directions) equal to 6%.
IV. CONCLUSION
We have used extended-basis tight-binding to model the no-common atom system of InAs/AlSb with the highest possible accuracy. We find that for a large range of the only adjustable parameter, i.e. the natural band offset of InSb, there exists an intrinsic interface state "trapped" by the plane of interfacial InSb bonds. The existence of such a state is important for valence band physics in this system, but also plays an important role in the material characterization using interband optics.
